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Sister chromatid cohesion is required for postreplicative double-
strand break repair in Saccharomyces cerevisiae
Camilla Sjo¨gren*† and Kim Nasmyth†
The repair of DNA double-strand breaks by Results and discussion
Because sister chromatid cohesion is essential for mitosis,recombination requires the presence of an
undamaged copy that is used as a template during it is not possible to use cell survival as a measure of repair
in cohesion mutants. We therefore used pulse-field gelthe repair process. Because cells acquire
resistance to  irradiation during DNA replication [1] electrophoresis (PFGE) to detect chromosome breakage
and repair in G2/M-arrested haploid S. cerevisiae cells afterand because sister chromatids are the preferred
partner for double-strand break repair in mitotic  ray irradiation. Unbudded G1 cells were first isolated
by centrifugal elutriation [16] and incubated at 25C indiploid yeast cells [2], it has long been suspected
that cohesion between sister chromatids might be medium containing nocodazole, which causes microtu-
bule disassembly and activates mitotic checkpoints thatcrucial for efficient repair. This hypothesis is
consistent with the sensitivity to  irradiation of prevent sister chromatid separation and inactivation of
Cdk1 [17]. Cells were  ray irradiated when 90%–100%mutants defective in the cohesin complex [3] that
holds sister chromatids together from DNA of the cells had completed S phase (Figure 1a). Samples
for preparing yeast chromosomes were collected just be-replication until the onset of anaphase (reviewed
in [4–6]). It is also in accordance with the finding fore irradiation and during the subsequent 2 hr recovery
period, during which the G2/M arrest was maintained bythat surveillance mechanisms (checkpoints) that
sense DNA damage arrest cell cycle progression in nocodazole. To provide an internal loading control, each
cell sample was mixed with a fixed amount of cells fromyeast by causing stabilization of the securin Pds1,
thereby blocking sister chromatid separation [7–10]. a strain in which chromosome 16 had been divided into
two halves [18]. Chromosomes were separated by PFGE,The hypersensitivity to irradiation of cohesin
mutants could, however, be due to a more direct and the relative amounts of full-length chromosome 16
and its shorter companion were detected by Southerninvolvement of the cohesin complex in the process
of DNA repair. We show here that passage through blotting (Figure 1b). Irradiation caused a 60%–70% de-
crease in the amount of intact chromosome 16 (FigureS phase in the presence of cohesin, and not
cohesin per se, is essential for efficient double- 1c), whose recovery to 80%–90% of the starting value
during the subsequent 2 hr was dependent on RAD54,strand break repair during G2 in yeast. Proteins
needed to load cohesin onto chromosomes (Scc2) known to be required for sister chromatid-based DNA
repair (Figure 1d) [19]. These changes in the amount of[11–13] and to generate cohesion during S phase
(Eco1) [14, 15] are also shown to be required for intact chromosome 16 occur in the absence of any DNA
replication (unlinked to the repair process), and must berepair. Our results confirm what has long been
suspected but never proven, that cohesion between due to chromosome breakage and repair using homolo-
gous recombination.sister chromatids is essential for efficient double-
strand break repair in mitotic cells.
To address cohesin’s role in this repair process, we re-
Address: Research Institute of Molecular Pathology, Dr. Bohr-Gasse peated the above experiment using a strain whose sole7, A-1030 Vienna, Austria.
SCC1 genewas under the control of theGAL1-10 promoter
(GAL-SCC1) [20]. Little or no repair occurred when cells,Present address: *So¨derto¨rn University College, Natural Science
Section, Box 4101, S-141 04 Huddinge, Sweden. which had previously been depleted of Scc1, were incu-
bated in the absence of galactose (Figure 2a,b). Repair
† Correspondence: Kim Nasmyth, Camilla Sjo¨gren was similar if not identical to wild-type, however, when
E-mail: nasmyth@nt.imp.univie.ac.at
the same culture was instead incubated in the presencecamilla.sjogren@sh.se
of galactose (Figure 2a,b). Repair was also defective in
Received: 23 March 2001 smc1-259 [21], scc2-4 [11], and pds5-99 [22] cells when
Revised: 5 April 2001 incubated at 35C (Figure 3). These results show that
Accepted: 5 April 2001 both cohesin (Scc1 and Smc1) and factors known to be
necessary for its tight association with chromosomes (Scc2Published: 26 June 2001
and Pds5) are necessary for efficient postreplicative dou-
ble-strand break repair in yeast.Current Biology 2001, 11:991–995
0960-9822/01/$ – see front matter
 2001 Elsevier Science Ltd. All rights reserved.
In the above experiments, cohesin was either absent
(GAL-SCC1) or inactive (smc1-259) from early G1 until the
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Figure 1
Detection of DNA double-strand break repair
by pulse-field gel electrophoresis (PFGE).
G1 wild-type yeast cells (K699) were
collected by centrifugal elutriation and grown
in standard YEP medium, supplemented with
2% glucose (YEPD), at 25C. Nocodazole
(15 g/ml) was added to the medium after 30
min of growth, inducing a G2 arrest that was
maintained during the whole experiment (a).
When cells had completed S phase, the culture
was split and one half was irradiated with 150
Grays (Gy). Samples for scoring of DNA
repair were redrawn from the cell culture
before irradiation, as well as during a 2 hr
recovery period. To provide an internal loading
control, each cell sample was mixed with a
fixed amount of cells from a strain in which
chromosome 16 had been divided into two
halves [18]. After preparation and separation
by PFGE, yeast chromosomes were blotted
and detected by hybridization using a
radioactively labeled probe, containing
chromosome 16-specific sequences (b). After
quantification of chromosome 16 and the
control chromosome by scanning
densitometry, the chromosome 16 signal
was normalized to the control, and the signal
corresponding to the first sample was set to
100% arbitrary units. Irradiation caused a 60%
decrease of the signal, while the unirradated
control stayed mostly unaffected. The signal
of the irradiated samples subsequently
increased, reaching 87% of the initial value,
reflecting repair of the broken chromosome
(c). In contrast to wild-type, no repair was
detected when cells carrying a rad54
deletion (HKY 596-1Aa) were analyzed as
were wild-type cells (d). Please note that in
(d), data representing DNA repair in wild-type
cells from (c) is redisplayed in order to
facilitate comparison.
nocodazole M phase-like arrest. Because establishment in cells that have previously established cohesion during
S phase. Cohesin’s role in the repair process cannot beof cohesion and subsequent chromosome segregation de-
pend on cohesin’s presence during S phase, it is possible executed merely during S phase.
that its function in DNA repair could be due to its activity
exclusively during S phase. To address whether cohesin is Scc1 induced in M phase binds to chromosomes at similar
positions as the Scc1 protein loaded during the precedingneeded for repair at the time of irradiation (or immediately
subsequent to it) during G2/M, we used a yeast strain S phase (P.Megee andD. Koshland, personal communica-
tion). Also, when Scc1 is induced solely after S phase itwhose APC activator Cdc20 is under the control of the
GAL1-10 promoter [11]. Wild-type and scc1-73 mutant binds to chromosomes, but fails to establish or promote
cohesion [20]. The lack of DNA repair in cohesin mutantscells were first arrested in metaphase by growing cells in
the absence of galactose at 21C, shifted to 35C (which could be due to cohesin’s involvement in the repair pro-
cess in a manner that has nothing to do with sister chroma-inactivates Scc1 in the mutant cells), and 30 min later
irradiated with  rays. The shift to 35C caused sister tid cohesion. If so, cohesin made after S phase might be
equally capable of supporting DNA repair. If, on the othersequences situated 35 kb from the centromere of chromo-
some V (which were marked by Tet operators bound by hand, the defective repair of cohesin mutants is due to
their defective sister chromatid cohesion, then cohesina Tet repressor-GFP fusion protein) to separate in scc1-
73 cells but not in wild-type, whether or not cells were made after DNA replication should be as ineffective in
promoting repair as it is in promoting cohesion. To addressirradiated (Figure 4a). The temperature shift prevented
repair in scc1-73 cells but not in wild-type cells (Figure whether repair depends on cohesin’s presence during S
phase, that is, whether repair requires sister chromatid4b). This suggests that cohesin is needed for repair even
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Figure 2 Figure 3
DNA repair is impaired in cells with defective cohesion. Yeast strains
containing the temperature-sensitive alleles ssc2-4 (K7244), eco1-1
(K8155), smc1-259 (K6754), or pds5-99 (K9584) were synchronized
as described in Figure 1, and G1 cells were released in YEPD at
the restrictive temperature, 35C. When analyzing the nocodazole-
arrested G2 cells as described in Figure 1, it was found that all four
strains were impaired in their ability to repair double-strand breaks.
[21]. This confirmed that Scc1 bound to chromosomes in
amounts equal to or greater than wild-type in more than
90% of the cells 30 min after galactose addition (data
not shown). At this point, cells were irradiated and their
subsequent repair was monitored by PFGE. These cells
expressing Scc1 solely after S phase were equally defec-
tive in repairing double-strand breaks as Scc1-depleted
cells (Figure 2b). This implies that cohesin made after S
phase cannot support repair despite its ability to bind
tightly to chromatin throughout the genome. Repeating
the same experiment with cells having not SCC1 but
RAD54 solely under a galactose-inducible promoter showed
that if RAD54 expression was repressed during the entireThe absence of Scc1 during S phase leads to defective DNA repair.
experiment, DNA repair was defective, while inductionCells forming a strain synthesizing Scc1 solely from a galactose-
inducible promoter (K7062) were grown for 36 hr in standard YEP of RAD54 after S phase restored repair to wild-type levels
medium, supplemented with 2% raffinose and 2% galactose (data not shown). Thus, not all repair proteins involved in
(YEPRG). Subsequently, cells were filtered, washed, and grown in
double-strand break repair must be present during DNA2% raffinose containing media (YEPR) during 1.5 hr to deplete cells
replication if repair is to be successful.of Scc1 before synchronization by centrifugal elutriation. G1 cells were
released either into YEPR or YEPRG at 25C, and after 30 min
nocodazole was added to induce G2 arrest. After completion of S To test further the notion that postreplicative double-
phase, galactose was added to half of the culture grown in YEPR strand break repair requires cohesion established duringto induce SCC1 expression (a). Analysis of DNA repair as in Figure
S phase and not cohesin per se, we compared repair in1 showed that cells grown in the continuous presence of galactose and
therefore expressing SCC1 repaired their DNA as wild-type cells. wild-type and eco1-1 mutants, which are defective in es-
However, cells grown in the absence of galactose, and therefore tablishing cohesion during S phase despite cohesin’s nor-
lacking Scc1, were found to be defective in double-strand break repair. mal association with chromatin [15]. eco1-1 mutants wereThe induction of SCC1 after S phase did not restore the repair
as defective in repair as cohesin mutants (Figure 3). Thus,ability (b).
cohesin’s association with chromatin is insufficient for
mediating repair, and efficient postreplicative repair ap-
pears to take place only in cells that have established
sister chromatid cohesion during S phase.cohesion, we used GAL-SCC1 cells. Unbudded G1 cells
depleted of Scc1 were incubated in the absence of galac-
tose until most cells had completed S phase, whereupon Cohesion between sister chromatids might serve two pur-
poses in the postreplicative repair of double-strand breaks.galactose was added (Figure 2a). The presence of a myc
epitope on the galactose-inducible Scc1 made it possible One is to hold chromatids in close proximity, enabling
broken DNA ends to find and invade their sister se-to score Scc1 induction (by in situ immunofluorescence)
and chromatin association (by chromosome spreading) quences and to prevent chromosome fragmentation. An
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Figure 4 DNA replication is shared by all eukaryotic cells and is
central to the mitotic process. Nevertheless, it is by no
means certain whether chromosome segregation is the
main task for sister chromatid cohesion or for cohesin. In
animal cells, most cohesin dissociates from chromosome
arms in prometaphase and only a small fraction persists,
largely in the vicinity of centromeres, until themetaphase-
anaphase transition [23–25]. There must exist during G2
far more cohesin and/or cohesion than is strictly needed
for resisting the splitting of sister chromatids by spindle
forces during metaphase. It is therefore conceivable that
the bulk of cohesin on interphase chromosomes is re-
quired not for chromosome segregation but rather for
DNA repair during late S and G2 phases. Indeed, it is
during these periods of the cell cycle that double-strand
breaks appear to be preferentially repaired by homologous
recombination [26]. Furthermore, the G2 arrest induced
by DNA damage surveillance mechanisms (checkpoints)
ensures that double-strand break repair takes place before
the bulk of cohesin dissociates from chromosomes [26,
27]. The finding that sister chromatid cohesion also has
a key role in DNA repair raises the possibility that the
cohesion apparatus might have first evolved for this pur-
pose and only later been utilized for chromosome segre-
gation.
Material and methods
All strains were haploid and derivatives of W303 and therefore, with the
exception of the rad54 deletion strain (HKY 596-1Aa, kind gift of Dr.Scc1 is needed during G2/M for DNA repair. Yeast cells carrying a
Hannah Klein), contained the rad5-535 mutation [28]. The efficiency ofwild-type SCC1 (K8465) or a temperature-sensitive scc1-73 allele
DNA repair as scored here by PFGE was not altered in the strain express-(K8468) in addition to an exclusively galactose-induced copy of
ing the wild-type RAD5 gene (data not shown and [28]). Irradiation wasCDC20 were grown for at least 24 hr at 21C in the presence of
performed at 150 Gray (Gy) using a 60Co source (Gammacell 220,galactose. Cells were subsequently filtered, washed, and released in
Nordion International) at a dose rate of 80–102 Gy min1. Yeast chromo-YEPD, leading to the depletion of Cdc20 and the accumulation of
somes were prepared as in Desany et al. [29] and separated by PFGEG2-arrested cells with adhered chromatids after 3.5 hr [11]. The
in a 1% agarose gel on a Bio-Rad DRIII apparatus for 24 hr at 6 V/cm,temperature was then shifted to 35C, which caused the separation
with a 90 s switch time at an included angle of 120. FACScan analysisof sister chromatids in the scc1-73 strain but not in the wild-type cells
for cellular DNA content, visualization of sister chromatid separation(a). Cells were irradiated 30 min after the temperature shift and
using the tetR-GFP/tetO system, and chromosome spreading was per-analyzed for DNA repair as in Figure 1. In contrast to cells containing
formed as described previously [21]. Standard procedures were usedthe wild-type copy of SCC1, no repair was detected in the cells
to blot and probe PFGE gels.expressing scc1-73 (b). The small arrow indicates temperature shift,
while the large, dotted arrow indicates irradiation.
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